IS state has an electronic configuration that significantly reduces the electron overlap and the iron nuclear quadrupole splitting (QS). These most probable IS states, however, are still energetically disfavored, and their QSs are inconsistent with Mössbauer spectra. We therefore conclude that IS Fe 2+ is highly unlikely in the Earth's lower mantle.
since the observation of spin crossover in Fp and Fe-Pv [1, 2] , the work on these minerals has risen to a new high, especially for Fp, due to its simple rock-salt structure. It is believed that Fe 2+ in Fp undergoes a crossover from the high-spin (HS) state (S = 2) to the low-spin (LS) state (S = 0) between GPa. This spin crossover directly affects the structural, elastic, thermodynamic, optical, and conducting properties of Fp [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ; it also affects iron diffusion and thus perhaps viscosity and iron partitioning in the Earth interior [17] [18] [19] . Based on these findings, geophysical effects of spin crossover have been anticipated.
In contrast, spin crossover in Fe-Pv, the major lower-mantle mineral phase, has been highly controversial [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , due to the complex nature of this mineral. In addition to Fe [32, 33] , a consensus has gradually been reached: only Fe 3+ residing in the B site undergoes a crossover from HS (S = 5/2) to LS (S = 1/2) state; iron in the A site remains in HS state, regardless of its oxidation state. The geophysical consequences of spin crossover are still unclear, but its possible effects on mineral properties have been reviewed or summarized in literatures [35] [36] [37] [38] [39] [40] . More recently, it was found that Fe-Pv dissociates into Fe-free Pv and a hexagonal iron-rich silicate at conditions existing approximately at 2,000 km depth and beyond [41] .
The crystal structure and stability field of this hexagonal phase, however, have not been characterized yet. Therefore, it is important to properly characterize the state of iron at lower mantle conditions, so the dissociation phase boundary in Fe-Pv can be better clarified. supercell (x = 0.125) in all possible spin states are performed with variable cell shape molecular dynamics [67] implemented in the quantum espresso code [68] , which adopts the plane-wave pseudopotential method. Pseudopotentials used in this paper have been reported in Ref. 27 and used in other works regarding Earth minerals [27, 32, 33, 39, 40] . A 4 × 4 × 4 k-point mesh is used for both Fp and Fe-Pv supercells. In this paper, we compute the Hubbard U for each spin state with a self-consistent procedure [33, [69] [70] [71] ; the resultant Hubbard U is referred to as self-consistent U (U sc ) hereafter. A detailed description of this procedure can be found in Ref. 33 and its online supplemental material. In brief, we start with an LDA+U calculation with a trial U (U in ) to get all possible spin states. By applying local perturbations to the iron site in the LDA+U in ground state with the Hubbard potential being held fixed, the second derivative of the LDA energy with respect to the electron occupation at the iron site can be obtained using a linear response theory [72] . This second derivative, U out , will be used as U in in the next iteration. Such a procedure is repeated until self consistency is achieved, namely,
The iron nuclear quadrupole splitting (QS), ∆E Q , of each possible spin state are computed using
where e is electron charge, V zz is the electric field gradient (EFG), η is the asymmetry parameter (usually small), and Q is the 57 Fe nuclear quadrupole moment, determined to be 0.16 barn (1 barn = 10 −28 m 2 ) [73] . The EFG and asymmetry parameter are computed using the WIEN2k code [74] , which adopts the augmented plane-wave plus local orbitals (APW+lo) method [75] . Given that Q = 0.16 barn is sometimes considered underestimated, we also use Q = 0.18 barn to compute the upper limit of QS. Using the LDA+U method, all the above-mentioned spin states can be obtained in Fp.
The U sc 's of these states at different 64-atom Mg 1−x Fe x O (x = 3.125%) supercell volumes are shown in Fig. 2 . In Fp, the U sc decreases with total electron spin S, similar to Fe-Pv [33] , Fe-Ppv [39, 40] , and LaCoO 3 [64] . Another common feature shared by these systems is that the volume dependence of U sc is marginal [33, 39, 40, 64, 76] . Notably, the U sc 's of the two IS states are different, regardless of their same total spin moment S = 1. The With the orbital occupancy and charge density shown above, the U sc 's difference between the two IS states in Fp can be qualitatively explained. Indeed, our discussion is based on Kohn-Sham orbitals, which are usually considered of little physical meaning. In practice, however, they resemble the real electronic structure of most systems and can be used for molecular orbital or chemical analysis [77] . For the IS(z 2 ) state, its filled e g orbital (d z 2 ) is oriented vertically with the spin-down t 2g hole (d xy ) and passing through the donut-shape lobes of the spin-down electron charge density, as can be observed in Fig. 1(b) . In contrast, the IS(x 2 − y 2 ) state has its filled e g orbital (d x 2 −y 2 ) oriented on the same plane with the spin-down t 2g hole, laying in between the donut-shape lobes of the spin-down electrons, as can be observed in Fig. 1(a) . Clearly, the e g electron of the IS(z 2 ) state overlaps with the spin-down electrons more than that in the IS(x 2 − y 2 ) state. This greater electron-electron overlap in the IS(z 2 ) state leads to a stronger on-site Coulomb interaction and thus a higher
One reliable way to identify iron spin state in Earth minerals is by comparing the iron The dependence of QS on spin state can be understood via the electric field gradient, V zz , at the iron nucleus. The QS is directly proportional to the EFG magnitude (|V zz |), as shown in Eq. 1, and the d electrons contribute to the EFG as the following:
where n With known ∆H i , the fraction (n i ) of each spin state can be estimated using the following expression derived from a thermodynamic model detailed in Refs. 30 and 36, subject to the constraint i n i = 1,
where m i and S i are the orbital degeneracy and total spin moment of spin state i, respectively. In Fp, m HS = m IS = 3 (for both types of IS), and m LS = 1. The fraction n i of each spin state at room temperature (T = 300 K) are plotted in Fig. 5(b) . Here, we do not include vibrational free energy, as it only slightly increases the transition pressure [12, 13] and would not change the main conclusion: populations of the IS states are too low to be observed due to their extremely high enthalpies. This result is consistent with the lack of a QS of 5.5-6.2 mm/s in Mössbauer spectra; it also confirms the small QS observed in Fp should be the LS, not the IS(x 2 − y 2 ) state, showing that Fp undergoes a HS-LS crossover.
We can also observe in Fig. 5(b) that overall, the computed LS fraction agrees very well with that derived from Mössbauer spectra of a sample with iron concentration x = 0.05 [11] .
The small discrepancy is that in experiment, the LS fraction (n LS ) reaches 10% at ∼ 55 a position where only 6 oxygens are close enough to significantly affect the iron 3d electrons, namely, both LS and IS Fe 2+ reside in a highly distorted octahedral crystal site [30] . As a consequence, the LS Fe 2+ has three doubly occupied t 2g -like and two empty e g -like orbitals [27] . An IS state can thus be produced by opening a spin-down hole in a t 2g -like orbital, filling a spin-up electron in an e g -like orbital, followed by a structural optimization. Given the lack of symmetry in the distorted octahedral site, there are six possible hole-electron combinations to be tested (three inequivalent t 2g -like holes and two e g -like orbitals), in contrast to two in Fp, where only tetragonal distortions are allowed. Among these six hole-electron combinations, only two can be stabilized. Characterized by their filled e g -like orbitals, these two states are referred to as the IS(z 
respectively. The other two orbitals (e and f) exhibit e g characters; they are ∼ d z 2
, is consistent with the longer Fe-O distance in the z L direction [ Fig. 6(b) ]. In this state, the spin-down hole is opened in the
orbital. Such a hole-electron combination is schematically depicted in Fig. 7(g) . As can be observed, the filled e g -like orbital of this state is almost a rotation with respect to the t 2g -like hole. In this sense, this state is more similar to the IS(x 2 − y 2 ) state in Fp, rather than the IS(z 2 ) in Fp. Therefore, the QS of this state is quite low, about 0.9-1.6 mm/s (depending on pressure), slightly higher than the QS of LS Fe 2+ in Pv, 0.8 mm/s [32, 33] . The PDOS of IS( Fig. 7(h) . The ILDOS of each peak (i-m) resulting from iron 3d electrons are shown in Figs. 7(i)-7(m), respectively. The lowest three orbitals (i, j, and k) exhibit t 2g characters: Coulomb interaction would be stronger, the self-consistent Hubbard U sc would be larger, the total energy would be significantly higher, and the QS would be exceptionally large. 
